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Based on a study of mushroom coral species of eastern Australia, a decrease in species richness can be
discerned from north to south. Eastern Australia, including the Great Barrier Reef (GBR), is one of only
few coral reef areas suitable for studies on large-scale latitudinal biodiversity patterns. Such patterns may
help to recognize biogeographic boundaries and factors regulating biodiversity. Owing to the eastern
Australian long coastline, such studies are a logistic challenge unless reliable distribution data are already
available, as in museum collections. A large coral collection predominantly sampled from this area in the
1970s is present in the Museum of Tropical Queensland (MTQ). The scleractinian family Fungiidae
(mushroom corals), representing about 10% of Indo-Paciﬁc reef coral species, was selected as proxy. It
was represented by 1289 specimens belonging to 34 species with latitudinal ranges between 09090S and
31280S. The fauna of the northernmost reefs in the Gulf of Papua and the Torres Strait, and north of the
Great Barrier Reef Marine Park (GBRMP), was represented by a maximum of 30 fungiids. From here a
southward decline in species number was observed, down to Lord Howe Island with only one species.
Together with previous records, the mushroom coral fauna of eastern Australia consists of 37 species,
which is more diverse than hitherto known and similar to numbers found in the Coral Triangle. Future
ﬁeld surveys in the GBR should speciﬁcally target rarely known species, which are mainly small and
found at depths >25 m. In the light of global climate change, they may also show whether previously
recorded species are still present and whether their latitudinal ranges have shifted, using the 1970s
records as a baseline.
© 2015 The Author. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Eastern Australia is one of the largest and most extensively
investigated coral reef regions in the world. It includes the shelf-
based Great Barrier Reef (GBR), which has a long-established
reputation for studies on biodiversity patterns (e.g. Wells, 1955;
Veron, 1995, 2000; DeVantier et al., 2006). Many of these pat-
terns are related to environmental gradients across the 60e250 km
wide shelf from nearshore to offshore, such as observed in scler-
actinians (Done, 1982; Roberts et al., 2015), octocorals (Dinesen,
1983); sponges (Wilkinson and Cheshire, 1989), crustaceans
(Preston and Doherty, 1994) and ﬁshes (Williams, 1982; Russ, 1984;
Bellwood and Wainwright, 2001). Most cross-shelf biodiversity
patterns show a maximum species richness on mid-shelf reefs and
fewer species on near-shore reefs and the outer barrier reef. The
environmental gradients are linked to riverine discharge from the
coastline, which causes an inﬂux of freshwater and terrestriallytd. This is an open access article uderived nutrients, pollutants, and sediments in water around near-
shore reefs, affecting its salinity, clarity, and sedimentation
(Browne et al., 2012; Devlin et al., 2012). Reefs of the outer barrier
and the Coral Sea are wave-swept, which also limits their coral
species diversity (Done,1982). Such onshore-offshore gradients can
also be found in other shelf-based reef systems, especially those in
the proximity of major cities in Southeast Asia, such as Makassar
(Cleary et al., 2005; Becking et al., 2006), Jakarta (Cleary et al., 2006,
2014; Van der Meij et al., 2010), Singapore (Huang et al., 2009) and
Kota Kinabalu (Waheed and Hoeksema, 2014). Furthermore, shelf-
based near-shore reefs are usually more protected from wave en-
ergy and surrounded by a shallower sea ﬂoor than those more
offshore. The latter may display a high coral diversity owing to their
clear water, deep-extending reef slopes, and reef bases with rela-
tively little silt accumulation, all adding to variation in available reef
environments (Moll, 1983; Hoeksema, 2012a).
Few biodiversity studies concern large-scale alongshore data
sampling in coral reef systems. Theywould require the availability of
long coastlineswith reefs alongside, such as the Red Sea (Haverkort-nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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China Sea (Huanget al., 2015),WesternAustralia (Veron,1995, 2000;
Greenstein and Pandolﬁ, 2008) and the GBR (Burnett et al., 1997;
Harriott and Banks, 2002; Ulstrup et al., 2006; Wismer et al.,
2009; Dalton and Roff, 2013; Sutcliffe et al., 2014). Because of their
relatively large latitudinal range, they are able to show a predomi-
nant NeS orientation. The GBR spans >2000 km in length, which
allows a high environmental heterogeneity regarding cyclone
exposure, current direction,water temperature, precipitation,mean
tidal amplitude, anthropogenic disturbance, and the occurrence of
coral predators (DeVantier et al., 2006; Fabricius and De'ath, 2008;
Choukroun et al., 2010; De'ath and Fabricius, 2010; Ellis et al.,
2011). All these factors may affect the occurrence of coral species
and their latitudinal distributions.
Some localities within such large areas are remote, which con-
stitutes a logistical challenge for biodiversity surveys. This problem
can be overcome when sufﬁciently large and representative
museum collections are already available for study. Since museum
specimens usually have old labels, their provenance data may
include outdated species names. This can be solved if the taxa
concerned have been subject of recent taxonomic revisions to
minimize bias by synonyms. An example of a suitable model taxon
is the Indo-Paciﬁc scleractinian family Fungiidae, popularly known
as mushroom corals. They constitute about 10% of recent Indo-
Paciﬁc reef coral species (Veron, 2000). Most of its species (~80%)
are free-living in full-grown stage but attached as juveniles
(Gittenberger et al., 2011; Benzoni et al., 2012), which enables them
to colonize different kinds of substrates. Therefore mushroom coral
species can be found in various reef environments, ranging from
inland bays to oceanic islands, from sheltered to exposed coasts,
and from shallow reef ﬂats down to deep, sandy reef bases
(Hoeksema and Moka, 1989; Hoeksema, 1991, 1993, 2012a). Since
all mushroom corals have a free larval stage and start settlement as
an attached coral, their dispersal is not expected to deviate from
that of other reef coral species. As in other species-rich coral taxa,
many Fungiidae have wide-spread Indo-West Paciﬁc distribution
ranges, while none of them is known to be restricted to the GBR
(Hoeksema, 1989; Veron, 2000).
Many mushroom corals have been sampled in eastern Australia
during the 1970s as basis for a revisionary faunistic work (Veron
and Pichon, 1976, 1980). Since then, several new fungiid species
have been described (e.g. Veron, 1990, 2000; Hoeksema, 1993,
2012b, 2014; Ditlev, 2003). All species recognized to date (n > 50)
have been reclassiﬁed following taxonomic revisions based on
phylogenetic analyses (Hoeksema, 1989; Gittenberger et al., 2011;
Benzoni et al., 2012). Consequently, this scleractinian family is
very suitable for an analysis of species diversity patterns along
eastern Australia to detect latitudinal gradients and to test whether
collections are a suitable tool for historical baseline reconstructions
(Shaffer et al., 1998; Tingley and Beissinger, 2009; Wallace et al.,
2009; Drew, 2011; Hoeksema et al., 2011; Richards et al., 2014).
Based on earlier ﬁndings concerning scleractinian diversity gradi-
ents in the GBR (Wells, 1955; Veron, 1995; Harriott and Banks,
2002; DeVantier et al., 2006), a general decline in species rich-
ness from north to south is expected, although it is still unclear
where exactly the highest number of species can be found and how
much ﬂuctuation can be discerned in such a trend, depending on
environmental variation and sampling effort.
2. Material and methods
A total of 1289 fungiid specimens from eastern Australia were
examined in the coral collection of the Museum of Tropical
Queensland (MTQ) at Townsville, 16e20 July 2012 (see Electronic
Supplementary Material, ESM 1). Twenty-ﬁve of these were fromthe GBR without precise locality data and were excluded from the
analysis. The other 1264 specimens had topographical names and
coordinates mentioned on their labels, which were used in the
present study. Without duplicates, 497 unique species locality re-
cords remain.
Most specimens (n ¼ 1227) were sampled in the 1970s
(collection dates not mentioned) by J.E.N. Veron and co-workers at
the Australian Institute of Marine Science (AIMS) in Townsville. This
collecting effort formed the basis of an important faunistic over-
view of the Scleractinia of eastern Australia, which also contained
taxonomic revisions of many families and genera of Indo-Paciﬁc
reef corals, including Fungiidae (Veron and Pichon, 1980). This
work formed a basis for ongoing taxonomic research on Indo-
Paciﬁc reef corals by other workers (e.g. Hoeksema, 1989;
Benzoni et al., 2010; Budd et al., 2012; Huang et al., 2014). The
sampling consisted of three phases: (1) general collecting, covering
as many species as possible at any sample locality; (2) collecting for
general taxonomic study, targeting specimens recognized to be of
taxonomic interest; (3) collecting for speciﬁc taxonomic study, in
which larger samples of particular species were made to study
intraspeciﬁc variation (Veron and Pichon, 1976). The specimens
were mostly taken from 60 ‘principal collecting stations’ divided
over outer reefs and barrier, inner reefs with associated cays and
lagoons, and fringing reefs around high islands. The coral were
taken from various ‘biotopes’, such as reef fronts, reef ﬂats, lagoons,
sandy bottoms, and sea grass beds. After sampling, the corals were
tagged with a specimen number and a station number (Veron and
Pichon, 1976). Eventually, these specimens were incorporated into
the collections of the MTQ, where they became accessible for
research by the scientiﬁc community as explained in a study of a
recently revised collection of staghorn corals (Wallace et al., 2012).
The mushroom corals were listed in a spreadsheet with the
following data (if mentioned): actual species name (Gittenberger
et al., 2011; Benzoni et al., 2012), catalog number, coordinates, lo-
cality name, depth range, collecting date, previous identiﬁcation (if
available), and collector (ESM 1). From this set of raw data, species
information on latitudinal distribution ranges, sampling depth, and
specimen numbers were derived and ranked in order of increasing
latitudinal range length (Table 1).
In order to analyze the distribution of species richness over the
length of the study area, the latitudinal sampling rangewas divided
into sectors of 1 length. Per sector total numbers of unique
mushroom coral records (species and locality) were counted
(Table 2). The species richness was plotted in a graph (Fig. 1).
Because the data showed much variation in the number of records
per 1-sector, larger latitudinal sectors (regions) along the coastline
of eastern Australia were selected, based on GBR regions proposed
in previous studies. Areas to the north and south of the GBR were
also represented in the MTQ collection and are therefore also
included in the zoning schemes, such as the remote Lord Howe
Island as southernmost locality. Species richness was plotted on
four different maps in which the offshore area was divided in re-
gions (Fig. 2).
A. Sectors separated by multiples of 5 latitude (Berkelmans et al.,
2004; Harris et al., 2013), resulting in ﬁve regions (Fig. 2A):
(1) < 10S, (2) 10e15S, (3) 15e20S, (4) 20e25S, and
(5) > 25S.
B. Sectors as deﬁned by the Great Barrier Reef Marine Park Au-
thority (GBRMPA) (Whiteway et al., 2014) resulting in six re-
gions (Fig. 2B): (2) Far Northern Section, 10410e14300S, (3)
Cairns Section, 1430e17300S, (4) Central Section,
1730e20300S and MacKay/Capricorn Section, 2030e24300S.
Two sections were added: (1) Torres Strait and Gulf of Papua
at < 10410S, and (6) the rest, > 24300S.
Table 1
Latitudinal ranges (minemax, S) and range lengths () of 34 mushroom coral species in eastern Australia based on records obtained from museum specimens with depth
ranges (m) from which they were sampled, and their total numbers. Species are ranked in order of increasing latitudinal range length. Those on top are represented by one
locality; those at the base show widest ranges and southernmost distribution limits.
Species Latitude, minemax Range length Sampling depth n
Cycloseris tenuis (Dana, 1846) 27000 e e 1
Cycloseris distorta (Michelin, 1842) 20580 e 5e12 1
Cycloseris explanulata (Van der Horst, 1922) 18360 e 18e22 2
Cantharellus jebbi Hoeksema, 1993 17090 e 10 1
Cycloseris somervillei (Gardiner, 1909) 09550 e e 1
Cycloseris mokai (Hoeksema, 1989) 09430e09550 00120 7e25 2
Podabacia motuporensis Veron, 1990 09100e14360 05260 0e12 2
Lithophyllon undulatum Rehberg, 1892 09360e18360 09000 2e22 7
Sandalolitha boucheti Hoeksema, 2012 09090e18360 09270 5e18 2
Pleuractis granulosa (Klunzinger, 1879) 09310e20040 10330 0e25 10
Lithophyllon scabra (D€oderlein, 1901) 09550e20580 11030 1e25 5
Cycloseris sinensis Milne Edwards and Haime, 1851 09530e21300 11370 1e48 105
Heliofungia actiniformis (Quoy and Gaimard, 1833) 09430e21300 11470 1e30 32
Ctenactis albitentaculata Hoeksema, 1989 09550e21500 11550 0e25 11
Pleuractis gravis (Nemenzo, 1955) 09430e21440 12010 1e25 16
Lithophyllon concinna (Verrill, 1864) 09350e21500 12150 0e25 58
Lithophyllon repanda (Dana, 1846) 09310e21500 12190 0e25 74
Halomitra pileus (Linnaeus, 1758) 09220e21500 12280 1e25 37
Pleuractis moluccensis (Van der Horst, 1919) 09090e21440 12350 1e25 62
Podabacia crustacea (Pallas, 1766) 09100e21500 12400 0e40 79
Ctenactis crassa (Dana, 1846) 09090e21500 12410 0e25 51
Ctenactis echinata (Pallas, 1766) 09090e21500 12410 0e25 55
Danafungia scruposa (Klunzinger, 1879) 09090e21500 12410 0e25 47
Sandalolitha dentata Quelch, 1884 09090e21500 12410 1e25 9
Polyphyllia talpina (Lamarck, 1801) 09430e23280 13450 0e22 25
Sandalolitha robusta (Quelch, 1886) 09430e23320 13490 0e25 53
Herpolitha limax (Esper, 1797) 09350e23270 13520 0e25 80
Danafungia horrida (Dana, 1846) 09310e23270 13560 0e25 72
Pleuractis paumotensis (Stutchbury, 1833) 09310e23290 13580 0e30 84
Fungia fungites (Linnaeus, 1758) 09090e23270 14180 0e25 127
Cycloseris cyclolites (Lamarck, 1815) 09

550e27250 17300 0e55 104
Cycloseris wellsi (Veron and Pichon, 1980) 09220e29430 20210 0e25 7
Cycloseris costulata (Ortmann, 1889) 09090e29430 20340 3e25 10
Lobactis scutaria (Lamarck, 1801) 09090e31280 22190 0e25 32
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correspond with Natural Resource Management (NRM) regions
(GBRMPA, 2006), resulting in seven regions (Fig. 2C): (2) Cape
York CPA, 10300e15300S, (3) Far Northern CPA, 15300e18000S,Table 2
Latitudinal sampling range divided in sectors of 1 (minemax), number of speci-
mens (sampling effort, ntot ¼ 1264), unique species occurrence records (species and
locality, regardless depth, ntot ¼ 497), and mushroom coral species richness.
Latitudinal
sector, South
Number
of samples
Number of
unique records
Number
of species records
09010e10000 210 94 30
10010e11000 20 9 7
11010e12000 17 10 9
12010e13000 18 10 10
13010e14000 19 8 8
14010e15000 315 76 22
15010e16000 10 8 7
16010e17000 14 8 7
17010e18000 15 12 10
18010e19000 363 144 24
19010e20000 8 8 7
20010e21000 128 51 22
21010e22000 89 39 21
22010e23000 0 0 0
23010e24000 19 11 8
24010e25000 1 1 1
25010e26000 0 0 0
26010e27000 9 1 1
27010e28000 3 3 2
28010e29000 0 0 0
29010e30000 5 3 2
30010e31000 0 0 0
31010e32000 1 1 1(4) Northern CPA, 18000e19550S, (5) Central CPA,
19550e22000S, (6) Southern CPA, 22000e24550S. Two sec-
tions were added: (1) Torres Strait and Gulf of Papua < 10300S,
and (7) the remainder >24550S.
D. Sectors as used by Hughes et al. (2012), resulting in ﬁve regions
(Fig. 2D): (1) < 13000S (2) 13000e15300S, (3) 15300e17300S,
(4) 17300e22000S, (5) > 22000S.3. Results
A total of 34 mushroom coral species has been recorded, most of
them from <25 m depth (Table 1). Three species previously recor-
ded from the GBR (Hoeksema, 1989) are not represented in the
MTQ collection: Cycloseris fragilis (Milne Edwards and Haime,
1848), Cycloseris vaughani (Boschma, 1923), and Heliofungia fralinae
(Nemenzo, 1955). This brings the total richness to 37 species, which
so far is the highest record for eastern Australia. Previous records
were 31 (Hoeksema, 1989), 34 (Harriott and Banks, 2002), and 36
(Veron, 2000), although the last two numbers include synonyms.
These previous records did not include Cantharellus jebbi reported
by DeVantier et al. (2006) and two Cycloseris species added recently
to the Fungiidae (Benzoni et al., 2012), both of which are present at
the GBR. Most of the rare species are small (Gittenberger et al.,
2011), such as various Cycloseris spp. (Table 1). The most
commonly represented species are Fungia fungites, Cycloseris
cyclolites and Cycloseris sinensis (Table 1).
The material consists of 1289 fungiid specimens, including 46
corals without original identiﬁcation and only 44 of these were
collected after the 1970s (ESM 1), implying that 96.5% of the
collection can be considered baselinematerial from the 1970s. After
Fig. 1. A. Latitudinal distribution of mushroom coral species richness in 1-sections off eastern Australia with signiﬁcant linear regression (p ¼ 0.0003). B. Same as A but based on
minemax range limits (broken horizontal lines) as interpolations to overcome the uneven sampling recorded in A, with the superimposition of the projected total species numbers
derived from these (vertical bars) for linear regression (p < 0.0001). The ranking of species ranges corresponds with the order presented in Table 1. Those on top are narrow
(represented by single localities); those at the base display the longest ranges and also the southernmost distribution limits.
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the same genus combination as used by Veron and Pichon (1980),
such as Fungia fungites and Halomitra pileus; 594 specimens have
the same species name but were placed in another genus following
recent taxonomic revisions (Gittenberger et al., 2011; Benzoni et al.,
2012), such as Cycloseris explanulata and Lobactis scutaria. A total of
291 corals have new identiﬁcations due to synonymy (Hoeksema,
1989), such as Herpolitha weberi and Herpetoglossa simplex,
whereas other species have become recognized as separate, such as
Ctenactis albitentaculata and Sandalolita dentata (ESM 2).
The 1264 species locality records contain 767 (60%) duplicates.
Without these, 497 (40%) unique species locality records remain.
When the residual records are divided over 1 latitudinal sectors,
sampling as expressed in specimen records appears to have been
uneven along the eastern Australian coastline, which has restricted
the observed species numbers for many sectors (Table 2). Never-
theless, a moderate negative linear correlation is shown when
species richness is plotted along latitude (r ¼  0.5954, n ¼ 23,
p ¼ 0.003), with a maximum of 30 species at < 10S, the north-
ernmost sector (Fig. 1A).
Sampling was not evenly distributed, since no signiﬁcant linear
correlations with latitude are shown by numbers of samples (r ¼ 
0.3544, p ¼ 0.097) and species records (r ¼  0.3783, p ¼ 0.075). To
overcome bias by local under-sampling, latitudinal distribution
ranges of all species have been determined by interpolation of their
presence in between their northern and southernmost distribution
limits. These interpolated latitudinal ranges (minemax) have been
projected along the latitudinal scale and ranked from long to short
from the base upwards, which enables the superimposition of
species numbers in sections of 1-latitude (Fig. 1B). These numbers
also showamaximum of 30 species at < 10

S and have decreased to
27e28 from 10 to 19S (Palm Islands). Richness drops to 10 at23e24S (Heron Island and Westari Reef), and to four at 24e25S
(Bunker Group and Lady Elliot Island). Moreton Bay at 27S has two
species but overlaps with the latitudinal ranges of three other
species that have their southernmost distribution limits at Eliz-
abeth and Middleton Reefs or Lord Howe Island. A linear regression
of the interpolated numbers shows a very signiﬁcant negative
correlation with latitude (r ¼  0.9135, p < 0.0001) with a steeper
slope than that of the original data (Fig. 1).
The division of the coastal and offshore area of eastern Australia
in regions (Fig. 2) shows a southward decrease in species richness
from a maximum of 30 fungiids at < 10S in the Gulf of Papua to a
minimum of ﬁve south of Fraser Island (>25S). Species numbers
across 5-regions varies from 24 to 30 in regions 1e4 (Fig. 2A),
which shows no signiﬁcant difference (Table 3). Sampling was not
evenly distributed over regions 1e4, but more so than in the other
zonation schemes (Table 3). Sampling was also not evenly distrib-
uted over regions 1e4 of the GBRMP (Fig. 2B; Table 3), with distinct
under-sampling in the Far Northern Section (region 2). This region
had only 17 species, but this did not deviate signiﬁcantly from
species counts ranging 26e30 among regions 1, 3 and 4 (Fig. 2B;
Table 3). The two other latitudinal zonation patterns display un-
even sampling among regions 1e4 (Table 3), with a distinct under-
sampling in region 3 off Cairns (Fig. 2CD). Overall, the zonation of
5-sections shows themost uniform sampling pattern expressed by
numbers of specimens and its NeS decline in species richness is not
supported by a signiﬁcant variation in species numbers (Fig. 2A,
Table 3). The zonation used by Hughes et al. (2012) shows the
weakest evenness in sampling but its southward decline in species
richness is most clearly supported by a variation in species
numbers, although not signiﬁcantly (Fig. 2D, Table 3). The other two
schemes are intermediate, with the GBRMP zonation showing the
least variation in specimen numbers and species richness (Table 3).
Fig. 2. Zonation of coral reefs along the eastern coast of Australia and the numbers of mushroom coral species herein based on specimen records (numbers between brackets). Zone
boundaries are derived from (A) multiples of 5 latitude, (B) Great Barrier Reef Marine Park sections, (C) Community Partnership Areas, (D) Hughes et al. (2012).
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4.1. Species diversity gradient
The present analysis shows a clear NeS decline in the number of
mushroom corals along the coast of eastern Australia with a
maximum of 30 species in the Gulf of Papua and the Torres Strait.
This high species concentration is located north of diversity maxima
recognized in previous studies (Veron, 1995; Harriott and Banks,
2002; DeVantier et al., 2006; Fabricius and De'ath, 2008). It is
close to the Coral Triangle, the center of scleractinian diversity,
where numbers of 28e44 fungiids have been recorded (Waheed and
Hoeksema, 2013; Hoeksema and Lane, 2014). The present ﬁnding
agrees with the general pattern of decreasing species richness away
from the equator (Stehli and Wells, 1971; Roy et al., 1998; Willig
et al., 2003) and the Coral Triangle (Hughes et al., 2002; Roberts
et al., 2002; Bellwood et al., 2005; Hoeksema, 2007; Bellwood and
Meyer, 2009). This decline follows a 3 C decrease in mean annual
seawater surface temperature from the northern GBR to the
southernmost part (Fabricius and De'ath, 2008), although distur-
bances (cyclones with excessive river discharge, pollution, bleach-
ing, predation, and anthropogenic stressors) may interfere with this
trend (DeVantier et al., 2006; Fabricius and De'ath, 2008; Brodie and
Waterhouse, 2012; De'ath et al., 2012; Hughes et al., 2012; Coles
et al., 2015). A sudden drop in species richness is observed south
of 23e24S (Heron Island and Westari Reef), at the southernmost
limit of the GBR. This is marked by a sharp decline in reef surface
area and a lower availability of reef coral habitats. The seaﬂoor here
is deeper than in the GBR and consists of soft substrates that are
unsuitable for coral reefs (Veron, 1995).
From a conservation point of view it is interesting that this
maximum species richness is situated north of the GBR Marine Park
(Fig. 2B). Coral larvae from the north cannot migrate southward
because there are no suitable currents in that direction (Haynes and
Kwan, 2002). This lack of connectivity is related to a bifurcation of
the South Equatorial Current from the Coral Sea to theGBRat 17e18S,
resulting in two longshore currents in opposite directions, the north-
ward North Queensland Current and the southward East Australian
Current (Brinkman et al., 2001; Choukroun et al., 2010). This connec-
tivity break is not reﬂected in the mushroom coral diversity pattern,
which showshigh species richness north and south of 17e18S (Fig.1).
A large part of the coastline of eastern Australia contains large
river systems that discharge freshwater and sediments into the GBR,
but the northernmost part (Cape York) appears to be an exception
(Furnas andMitchell, 2001; Devlin et al., 2012;Maynard et al., 2013).
River discharge is known to be restrictive for coral diversity at near-
shore reefs (Done, 1982; Moll, 1983; Hoeksema, 2012a). Floods
caused by tropical storms may therefore have a selective impact on
coral species in the proximity of large river mouths (DeVantier et al.,
2006). This may also explain why a higher coral diversity can be
found in the northernmost part of the GBR with few river outlets.
Although the seaﬂoor in the narrowest part of the Torres Strait is
very shallow (<20m depth), more offshore reefs in the Gulf of PapuaTable 3
Chi2 values for goodness of ﬁt concerning sampling effort and species numbers
among four GBR regions (1e4; df ¼ 3) in four different zonation schemes
(Fig.1AeD). Scheme A deviates the least from a uniform distribution of sampling and
species diversity among regions, while scheme D shows the highest variation.
Variation in species richness among regions is not signiﬁcant in any scheme.
Regions 1e4 Chi2 specimens p Chi2 species p
Scheme A 101 <0.0001 0.79 0.85
Scheme B 204 <0.0001 3.66 0.30
Scheme C 301 <0.0001 4.24 0.24
Scheme D 500 <0.0001 5.00 0.17(Murray Islands) show a greater depth range, < 40 m (ESM 1;
Daniell, 2008), which is expected to correspond with a high habitat
diversity and species richness (Hoeksema, 2012a). These reefs do not
seem to be affected by fresh water inﬂow from the mainland of
Papua New Guinea because of the clockwise current regime in the
Gulf of Papua, which transports freshwater and sediments away
from these reefs (Wolanski et al., 1995; Haynes and Kwan, 2002;
Davies, 2004; Choukroun et al., 2010).
4.2. Specimen sampling and baseline data
Although this study was based on 1264 specimens with com-
plete locality data, these represented only 497 (40%) unique species
locality records and a total of 34 species. A more than sufﬁcient
sampling was part of the original collecting strategy in order to
overcome the problem of intraspeciﬁc morphological variation
(Veron and Pichon, 1976, 1980). The surplus of 60% duplicates may
indicate that most specimens could not directly be distinguished in
the ﬁeld due to intraspeciﬁc ecophenotypic variation, which can be
related to depth and distance to riverine discharge (Hoeksema and
Moka, 1989; Gittenberger and Hoeksema, 2006).
The uneven sampling and the presence of many duplicates may
also have depended on the concentration of mushroom corals on
the GBR. In various areas (eastern Indonesia, southern Japan, Gulf of
Thailand, French Polynesia), high densities of fungiids have been
reported to occur in large single or multi-species assemblages
(Hoeksema, 2004; Loya and Sakai, 2008; Hoeksema and
Gittenberger, 2010; Hoeksema and Matthews, 2011; Hoeksema
and Benzoni, 2013). Therefore they have been used in several
quantitative population and community studies (Fisk, 1983;
Gilmour, 2002, 2004; Goffredo and Chadwick-Furman, 2003;
Elahi, 2008; Gittenberger and Hoeksema, 2013). Mushroom coral
species that are the most abundantly represented in the data are
Fungia fungites, Cycloseris cyclolites and Cycloseris sinensis (Table 1).
These species can easily be sampled when they occur in aggrega-
tions caused by repetitive asexual reproduction (Hoeksema, 1989;
Gilmour, 2002; Hoeksema and Waheed, 2011; Hoeksema and
Yeemin, 2011). Such quantitative studies are not speciﬁcally
known from the GBR, except for a study around Lizard Island in
which Cycloseris cyclolites is the dominant mushroom coral species
(Fisk, 1983). The occurrence of C. cyclolites and C. sinensis aggre-
gations on the GBR has been reported through published illustra-
tions, although other species names have been used: Diaseris
distorta for C. cyclolites and Diaseris fragilis for C. sinensis (Goreau
and Yonge, 1968; Verron, 1986, 2000).
Despite the surplus in specimens, the results suggest that the
mushroom coral fauna of eastern Australia is underrepresented in
the 1970s collection. New records of other scleractinian species have
already been added to the presently known scleractinian fauna of
eastern Australia (Wallace, 1999; Veron, 2000; Benzoni, 2006;
DeVantier et al., 2006; Wallace et al., 2012; Schmidt-Roach et al.,
2013, 2014; Muir et al., 2015). Some mushroom coral species lack-
ing in the MTQ coral collection from the GBR, such as Cycloseris
fragilis and Cycloseris vaughani, were previously recorded from this
region (Hoeksema, 1989). These two species, together with the ab-
sent Lithophyllon spinifer, have also been observed in nearby Papua
New Guinea, Vanuatu, and New Caledonia (Hoeksema, 1993, 2012b)
and can therefore be expected to occur in the GBR.
Five records are singletons (Table 1, Fig. 1). They concern small
(<10 cm) or deep-living (>20 m) species (e.g. Cycloseris distorta,
Cycloseris mokai, Cycloseris somervillei, Cycloseris tenuis and Can-
tharellus jebbi) and were probably hardly noticed or could easily be
confused with other species. C. jebbi is known from nearby Papua
New Guinea and Vanuatu (Hoeksema, 2012b) and has also been
recorded from the Far Northern GBR (DeVantier et al., 2006). One
B.W. Hoeksema / Estuarine, Coastal and Shelf Science 165 (2015) 190e198196specimen of Cycloseris tenuis in the present study has been
collected from Moreton Bay, where it previously was not recorded
(Wallace et al., 2009). Surveys on deep reef slopes (>20 m) will
probably also result in new species records, as demonstrated in a
study of staghorn corals at mesophotic depths (>30 m) with four
newly recorded species for Australia and two that are potentially
undescribed (Muir et al., 2015). These ﬁndings indicate that the
coral fauna of the GBR is still insufﬁciently known, and that addi-
tional sampling should speciﬁcally target rare and unknown spe-
cies. Unrecorded coral species that can be expected to occur in the
GBR may be small and deep-living, and those that have recently
been described from elsewhere in the West Paciﬁc and the Coral
Triangle (Ditlev, 2003; Hoeksema, 2012c, 2014; Pichon et al., 2012;
Turak et al., 2012; Benzoni, 2013; Benzoni et al., 2014). The outcome
may show that the coral species richness of eastern Australia,
especially in the Gulf of Papua, may closely resemble that of the
Coral Triangle and Vanuatu (Hoeksema, 2007, 2012b).
This high species richness at the GBRmay have been overlooked
because of a lack of quantitative biodiversity data from <10S, prior
to a better access to collection material from here (Fabricius and
De'ath, 2001, 2008). Biological museum collections may help to
establish baselines, which can clarify when species have become
locally extinct or have appeared as non-indigenous (Hoeksema
et al., 2011). They may also indicate whether recent shifts in spe-
cies compositions have occurred as a consequence of global change
(Hughes et al., 2010). Poleward range shifts as a result of rising sea
water temperatures have already been noticed in other parts of the
world (Precht and Aronson, 2004; Greenstein and Pandolﬁ, 2008;
Clemente et al., 2011; Yamano et al. 2011). The present work can
also be expanded or compared by adding collection material of
other revised coral taxa, such as the genera Acropora and Isopora
(Wallace et al., 2012; Muir et al., 2015). Access to these collections is
needed to verify the identity of specimens used in earlier records
(Wallace et al., 2009; Schilthuizen et al., 2015), as in the present
study (ESM 1). Various articles on this topic have been published as
opinion papers in high-impact journals advocating the need for
collections in ecological studies (Graham et al., 2004; Suarez and
Tsutsui, 2004; Pyke and Ehrlich, 2010; Johnson et al., 2011; Lips,
2011; Rocha et al., 2014). Few studies deal with historical collec-
tion data themselves and only some of these refer to a marine
setting, either pointing at local species extinctions or longevity of
populations (e.g. Richards et al., 2008, 2014; Hoeksema and Koh,
2009; Rainbow, 2009; Van der Meij et al., 2010; Van der Meij and
Visser, 2011; Hoeksema and Wirtz, 2013; Richards and Hobbs,
2014). The present study can serve as a baseline for future
studies, which is scientiﬁcally valuable since it deals with a large
area that is renowned for its research and conservation efforts.
5. Conclusions
The present work demonstrates that an analysis of old collection
material can lead to new or improved results. By using mushroom
corals (Fungiidae) as a model taxon, it is shown that there is
maximum coral species diversity in the northernmost part of the
GBR, in the Torres Strait and Gulf of Papua, from where there is a
decline in species richness to the south with an abrupt drop south
of the GBR. Finally, the coral fauna of the GBR is still not completely
known and future surveys should target rare species, which are
usually small and deep-living, while others have just been recently
discovered and described.
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